Graphene toxicity as a double-edged sword of risks and exploitable opportunities: a critical analysis of the most recent trends and developments
. Three of the most promising intermediate CNT-based NEPs to be manufactured by the PLATFORM Pilot Lines (PPLs).
All these CNT-based NEPs can be used for the manufacture of laminate composites materials with improved properties (e.g. light-weight, strength, antistatic, electromagnetic shielding), for the production of structural components and devices in the European aeronautics, automotive, military, medical and electronic industries [2] .
The input materials of the PPLs will be CNT-based formulated products supplied by NANOCYL SA such as waterborne dispersions or thermoplastic masterbatches [3] . Output products will be CNT- based NEPs, such as buckypapers, CNT treated prepregs and CNT doped non-woven veils. PPLs can include wet or dry process steps as well as thermal stages (e.g. extrusion, drying). Taking their relevant phases of life cycle, expected uses and operation modes into account, the main potential environmental impacts will be emissions to atmosphere, wastewaters and wastes containing CNT, and the main potential OHS risks will be associated with the exposure of workers to CNT and products containing CNT by inhalation and dermal contact [4, 5, 6, 7, 8, 9, 10] . Safety risks related to fire will be also considered. Contact of workers with CNTs and CNT-based NEPs can occur during the normal operation of the PPLs, in the stages of preparation of the raw materials (waterborne dispersions, sonication, mixing, filling of tanks, filling of hoppers), extrusion, cutting, packaging, transport and storage of raw materials and final products; also in tasks of adjustment, maintenance or cleaning -particularly of pollution control equipment -as well as during the cleaning of accidental spills and the management of wastes containing CNTs generated by the PPLs PLATFORM will end in 2018 with the goal of demonstrate the overall feasibility and competitiveness of the new products and production technologies (Technology Readiness Level 6, TRL6). However the project's impact goes beyond, and PLATFORM is also developing a business platform to commercialize NEPs manufactured by the PPLs in the European market from 2020 onwards (TRL9) [2] .
These future commercialization needs as well as the intended use of PPLs by third partiesparticularly SMEs -force the design and construction of the PPLs in conformity with legal requirements, before putting them into service and made available to workers in 2020 (after project completion).
The Machinery Directive 2006/42/EC (MD) -transposed into the respective national legislations of the Member States -is the European regulatory framework for the design and construction of new machinery, as the future PPLs, guaranteeing a high level of protection of the health and safety of persons and environment [11] .
The CE marking on a machine (PPL) is a conformity mark by which the manufacturer indicates that the product is in conformity with the applicable requirements set out in Community harmonization legislation providing for its affixing (in our case, basically the requirements of the MD) [12] . At the same time, the CE marking affixed by each PPL-manufacturer is the visible consequence of a whole process comprising conformity assessment ( Figure 3) .
Machinery specially designed and constructed for the needs of particular research projects, for temporary use in laboratories, is excluded from the scope of the MD. But this exclusion only applies to equipment designed and constructed for temporary research use, that is to say, equipment that will cease to be used when the research projects for which it was designed and constructed have been completed [13] . However this is not the case of the PPLs that will be fully operative in 2020 manufacturing NEPs for the European market.
PPLs are not required to comply with the provisions of the MD until they are put into service, but in 2020, all the requirements of the MD that apply to PPLs will be mandatory for them. Evidently PPLs will need to be tested before they are put into service (e.g. during assembly, installation, testing, verification or adjustment). In these stages, it will be mandatory to implement the necessary OHS preventive and protective measures to protect the safety and health of workers and other exposed persons when performing such tasks [13] .
In this industrial and regulatory context, the project PLATFORM is aligning the PPLs design to comply with all the provisions of the MD, in order to facilitate the CE marking (TRL9) in 2020 and avoid potential economic costs associated with future re-adaptations or modifications needed to ensure compliance with MD when PPLs are put into service.
Thus the project's main challenge is how to integrate all the nanosafety aspects into the wellsystematized process established by the MD to meet the Essential Health and Safety Requirements (EHSRs) in the design of new machinery, as the PPLs. [11, 13, 14, 15, 16, 17, 18] . From the perspective of the design and construction of new machinery (PPLs), the SbD concept is established by the legislation itself. Thus the MD defines a set of fundamental principles for intrinsically safe design of machines -called Principles of Safety Integrationsometimes referred to as SbD [11] . These principles are encapsulated in the Annex I of the MD (Section 1.1.2) and have been summarized in Table 1 . 
Principles of Safety Integration

1
Machinery must be designed and constructed so that it is fitted for its function, and can be operated, adjusted and maintained without putting persons at risk when these operations are carried out under the conditions foreseen (intended use) but also taking into account any reasonably foreseeable misuse thereof 2 Machinery must be designed and constructed in such a way as to prevent abnormal use if such use would engender a risk.
3
The aim of measures taken must be to eliminate any risk throughout the foreseeable lifetime of the machinery including the phases of transport, assembly, dismantling, disabling and scrapping.
4
In selecting the most appropriate methods, the following principles must be applied, in the order given, often referred to as the 3-step method:
1. Eliminate or reduce risks as far as possible (inherently safe machinery design and construction) 2. Take the necessary protective measures in relation to risks that cannot be eliminated, 3. Inform users of the residual risks due to any shortcomings of the protective measures adopted, indicate whether any particular training is required and specify any need to provide personal protective equipment.
5
Machinery must be designed and constructed to take account of the constraints to which the operator is subject as a result of the necessary or foreseeable use of personal protective equipment.
6
Machinery must be supplied with all the special equipment and accessories essential to enable it to be adjusted, maintained and used safely.
The table 1 shows the framework deployed by the project PLATFORM for SbD and summarizes the main pillars of this approach. This vision is aligned with the model proposed by the project NanoReg2 which defines three basic pillars underpinning SbD: 1) Safe design, 2) Safe production and 3) Safe use [14] . However, the project PLATFORM only considers two pillars -safe design and safe production -, since the professional use of the PPLs by workers has been integrated into the safe production pillar. Focused on the safety and health at work of workers potentially exposed to CNT during the professional use of PPLs.
Environmental safety
Addressing the protection of the environment against potential hazardous emissions to atmosphere, wastewaters and wastes containing CNTs. In this context, this paper focuses on the safety pillar of machinery (item 2.2 in the PLATFORMSbD model), thus in the design, construction and putting into service of safe PPLs for the manufacture of CNT-based NEPs [19] .
Main steps in the process of PPLs certification in conformity with the requirements of the Machinery Directive
The MD (2006/42/EC) sets out the mandatory EHSRs for the PPLs while detailed technical specifications for fulfilling these EHSRs are given in European harmonized standards (usually voluntary).
With regard to the design and construction of the PPLs, there are no specific EHSRs for nanosafety risks, but some of the EHSR listed in the Annex I of the MD are directly connected with nanosafety, such as e.g. [11, 13] (Table 3 ). In addition, they are of particular importance those EHSRs applying the design of parts of the PPLs control systems related to safety functions, that in case of failure can lead to hazardous situations (e.g. accidental airborne releases or spills of wastewaters or wastes containing CNT) [20, 21] . Table 3 . EHSRs established by the MD for the emissions of hazardous materials and substances and applying the SbD of the PPLs (MD-Annex 1, section 1.5.13) [11] .
EHSRs -Emissions of hazardous materials and substances
1
Machinery must be designed and constructed in such a way that risks of inhalation, ingestion, contact with the skin, eyes and mucous membranes and penetration through the skin of hazardous materials and substances which it produces can be avoided.
2
Where a hazard cannot be eliminated, the machinery must be so equipped that hazardous materials and substances can be contained, evacuated, precipitated by water spraying, filtered or treated by another equally effective method.
3
Where the process is not totally enclosed during normal operation of the machinery, the devices for containment and/or evacuation must be situated in such a way as to have the maximum effect.
The machinery manufactured in conformity with a harmonized standard (HS) shall be presumed to comply with the EHSRs covered by such standard. And this presumption of conformity conferred by the application of a HS gives a certain legal security for the manufacturer.
There are no specific HS for NEPs manufacturing machinery (type C standards) or for the nanosafety risks involved in the design of such production machinery. When harmonized standards are not available, the designer can use other reference documents such as international and national standards, draft standards, recommendations, best practices and guidelines from professional organizations [13] . In any case, the designer should use his/her best professional judgment in the application of existing standards (harmonized and non-harmonized) and guidelines, in order to achieve safe designs for the PPLs.
Before putting the three PPLs into service (TRL9), the manufacturer of each PPL will ensure that [11, 13] (Figure 2 ):  the relevant EHSRs applying to the PPL have been satisfied  the PPL -Technical File (TF) is available. The TF will contain the documentation to demonstrate the conformity of the PPL with the requirements of the MD (general description of the machine, drawings of the machine, technical reports, risk assessment, list of EHSRs applying to the PPL, description of the protective measures implemented to eliminate identified hazards or to reduce risks, standards and other technical specification used for the design, instructions handbook, declarations of conformity, etc). Part of this documentation will demonstrate the solution of nanosafety design aspects.  the necessary information, such as instructions, has been provided;  the appropriate procedure for assessing the PPL conformity has been carried out. None of the three PPLs is listed in the Annex IV of the MD (Particularly dangerous machinery) and thus the project PLATFORM will use the simplest procedure for conformity assessment, based on internal checks, with the additional obligation to include in the respective Technical Files -if necessarythe information required with regard to Partial Completed Machinery (PCM) and second-hand machines incorporated in the PPLs.  the Declaration of Conformity (DoC) has been drawn up and accompanies the PPL. The DoC is a legal statement by the manufacturer attesting that the PPL complies with all of the relevant provisions of the MD.  The CE marking has been affixed on the PPL, attesting the conformity of the product (machine) with the applicable requirements of the relevant EU harmonized legislation. 
The risk assessment process and the PLATFORM-SBD tool
PPLs must be designed and constructed taking into account the results of a risk assessment (RA), in order to identify those EHSRs which apply to the design of each PPL. The purpose of the RA is to identify hazards, and to estimate and evaluate risks so that they can be reduced (nanosafety risks among them) [21, 22] . Obviously this process involves design aspects that go beyond specific aspects of nanosafety.
Figure 3.
Main steps in the process of PPLs risk assessment and risk reduction, according to EN ISO 12100 [22] .
To implement the risk assessment and risk reduction process (Figure 4) , the designer will take the following actions, in order given [11, 22] : 1. Determine the limits of the PPL (use, space and time limits, other limits), including the intended use and any reasonably foreseeable misuse thereof. 2. Identify the hazards that can be generated by the PPL, the associated hazardous situations and hazardous events. 3. Estimate the risks, for each identified hazard and hazardous situation to determine the highest risk arising from each hazardous situation. The judgements shall be supported by a qualitative or, where appropriate, quantitative estimation of the risk [24] . Some of more extended methods to conduct risk estimation for machinery (risk matrix, risk graph, hybrid tool, control banding) are described in ISO/TR 14121-2 [24] and ISO/TS 12901-2 [25] . Specific tools for risks related to the parts of the control systems related to safety functions can be found in EN ISO 13849-1 and EN 62061 [20, 21] . 4. Evaluate the risks, and take decisions about the need for risk reduction and the selection of appropriate protective measures. Protective measures are a combination of the measures taken by the designer and the user, but measures incorporated at the design stage are preferable to those implemented by the user and usually prove more effective [8, 22, 24, 26] . 5. Eliminate the hazards or reduce the risks associated with these hazards by application of protective measures, in the order of priority (3 steps process) [22, 23, 24] : 1) Inherently safe design measures, addressed to eliminate hazards or reduce the associated risks by a suitable choice of design features of the machine itself and/or interaction between the exposed persons and the machine [24] . 2) Safeguarding and/or complementary protective measures. If hazards cannot be eliminated or risk cannot reduced adequately by design measures, safeguarding (protective/risk reduction measures using guards and protective devices) should be applied that results in restricting exposure to hazards, lowering the probability of the hazardous event, or improving the possibility of avoiding or limiting harm [24] . Particular attention will be given to those protective/risk reduction measures related to control system safety functions [20, 21] . 3) Information about the residual risks to the user and advice on additional protective measures to be implemented to reduce exposure [24] . Particularly in the case of the protective measures implemented to prevent and control the releases of airborne NOAA (nano-objects, and their aggregates and agglomerates greater than 100 nm) emitted by the PPLs [8, 23, 26] , the strategy for the evaluation and verification of these emissions as well as the performance of the control systems integrated in the PPLs, will be conducted, in general, according to EN 1093-1, taking into account the nature of the pollutant (aerosol containing CNT) and the nature of environmental test conditions (usual working environments). For this purpose a combination of measurement methods will be explored (Direct-reading instruments/DRI, Laser-induced incandescence/LII and tracers) [27, 28, 29, 30, 31] . If the deployment of such strategy is technically unfeasible in the locations where the PPLs will be installed, then according to ISO/TR 14121-2, an indirect technique will be used to demonstrate the conformity of the PPLs with the EHSRs, by measuring the occupational exposure of workers operating the PPLs and comparing such measurements with suitable criteria [24, 32, 33, 34, 35, 36] . In this case, personal respirable exposure concentrations to CNT will be determined as elemental carbon (EC) by NIOSH method 5040 and compared with the NIOSH REL of 1 μg/m 3 8-hr TWA [10] (NC7000™ case from NANOCYL recommends an OEL of 2.5 μg/m 3 [3] ). To guide the safe design of the PPLs and facilitate the RA process, the project PLATFORM developed a simple and friendly Microsoft Excel tool (PLATFORM-SbD tool), that can be applied to the overall risk assessment of the PPLs or only focus on the nanosafety risks [19] . This tool is structured in 11 Excel spreadsheets covering aspects such as: technical file, emissions inventory, limits of the machine, risk assessment and control system, risk estimation tools and EHSRs verification. In the absence of a C-type standard, the methodology deployed by the tool is fundamentally based on the harmonized standards EN ISO 12100, EN ISO 13849-1 and EN ISO 14123-1 (A&B-type standards) and other international standards such as EN 62061, ISO/TR 14121-2 and ISO/TS 12901-2 [20, 21, 22, 23, 24, 25] . The RA takes all phases of life cycle of PPLs, their operating modes and hazardous areas into account. At the moment, the current version of the PLATFORM-SbD Tool (v1) is only available for project partners. However the final version of the tool will be free available at the end of the project (2018) for any interested party, along with a guideline for safe design of PPLs.
Conclusions
The strategy deployed by the project PLATFORM for the safe design, construction and putting into service of three PPLs for the manufacture of CNT-based NEPs, can be summarized as follows:  PPLs -Design: In order to facilitate the CE marking in 2020 (TRL9) and avoid potential economic costs associated with future re-adaptations needed to ensure compliance with the MD, the design of the PPLs has been developed following the principles for safety integration (SbD) established by the MD, incorporating at the same time all the relevant nanosafety issues, to achieve final safe designs in conformity with the relevant EHSRs. RA and the design of preventive and protective measures against hazardous substances emitted by the PPLs have been guided by the harmonized standards EN ISO 12100 and EN ISO 14123, integrating in this process the best available practices to prevent, assess, control and manage CNT emissions and workers exposures. The PLATFORM-SbD tool has been used to facilitate the overall RA process [19] . The TFs produced at this stage will be essential elements to demonstrate the safe design of the PPLs in conformity with the MD.  PPLs -Construction: PPLs will be constructed according to the SbD produced at the design stage and following the specifications contained in their respective TFs. In order to prevent any risk of the new designs (Precautionary principle) [37] , the PPLs will be initially built inside dedicated rooms, that will allow testing and verification of the effectiveness of the implemented preventive and protective measures under controlled conditions.  PPLs -Testing and verification: For the operation of the PPLs during the testing & adjustment phase (TRL6), specific measures to protect the health and safety of the potential exposed workers will be taken in accordance with the national legislations and the best available practices. emitted by the PPLs (CNTs) will be done by several procedures: 1) Visual inspection, 2) Measurement, 3) Functional testing, 4) Design validation or 5) Calculation. Special attention will be given to the verification by measuring, of potential airborne CNT emissions and exposures.  PPLs -Putting into service: In 2020 PPLs manufacturers will play a crucial role in ensuring that their machines are safe. Before putting the PPLs into service (TRL9), all the obligations related to the conformity with the MD will have to be properly fulfilled by the manufacturers. Thus a Declaration of Conformity will be drawn up and the CE marking affixed on PPLs, attesting the responsibility of manufacturers for the conformity of PPLs with the applicable requirements. And only then, the three PPLs will be put into service in the European market.
